Abstract Elastic material properties are one of the most important material characteristics in mechanical modelling. Wood with distinctively different properties in the longitudinal, radial and tangential directions exhibits a strong moisturedependent material characteristic in the elastic range. In order to characterise beech wood as an orthotropic material, all of the independent elastic properties were determined at different moisture conditions. These characteristic properties have never been determined before as a function of moisture content yet are vital to the field of wood modelling. All elastic parameters, except for some Poisson's ratios, show a decrease in stiffness with increasing moisture content. In comparison to available literature references at a moisture content of x & 12%, the identified values were of the same order of magnitude. The determined material properties can be used to investigate the mechanical behaviour of beech wood structures including different moisture conditions.
Introduction
The elasto-mechanical characterisation of wood based on a three-dimensional approach is needed as input for ambitious calculations in such fields like civil engineering and material science. It is usually given by a symmetric and orthotropic material description and is basically built up out of nine (resp. twelve) independent components. Hörig (1933) , Keylwerth (1951) or Bodig and Jayne (1993) summarised the theoretical background of orthotropic elasticity in wood. In many literature references, a combination of experimentally determined elastic properties is described (Stamer and Sieglerschmidt 1933; Stamer 1935; Hörig 1935; Keylwerth 1951; Kollmann 1951; Guitard and Amri 1987; Bodig and Jayne 1993; Pozgaj et al. 1993;  S. Hering (&) Á D. Keunecke Á P. Niemz Institute for Building Materials (Wood Physics), ETH Zurich, 8093 Zurich, Switzerland e-mail: shering@ethz.ch Niemz 1993; Keunecke et al. 2008) . However, significantly less is known about the moisture dependency of the elastic properties. One example is given by Neuhaus (1983) for spruce wood, where all components of the compliance matrix were determined for eight different moisture levels.
For beech wood, the most comprehensive investigation of moisture-dependent elasticity was carried out by Wommelsdorf (1966) , but unfortunately not as a full set of compliance parameters. Further properties were presented by Neumann (1998) but with little information on moisture and also not as a complete set of elastic properties.
Since the authors' concern is a moisture-dependent orthotropic material description, all of the required compliance parameters at different moisture states for this study were determined by combined compression and ultrasonic testing. Young's moduli and Poisson's ratios were derived from compression tests. In contrast to diverse mechanical or inductive measurement devices (Stamer and Sieglerschmidt 1933; Neuhaus 1981; Niemz and Caduff 2008) , strain information is obtained by means of a non-contact optical surface deformation measurement method based on digital image correlation (DIC) as already used in a previous study (Keunecke et al. 2008) .
To quantify the shear moduli, different measurement techniques are reported in literature. Static tests with a torsion pendulum (Stamer and Sieglerschmidt 1933; Grimsel 1999) , the Iosipescu-Test (Iosipescu 1967; Dumail et al. 2000) or the Arcan-Test (Arcan et al. 1978; Dahl and Malo 2009a, b) were frequently used. In this study, however, an acoustic method (ultrasound velocity measuring) was carried out (Bucur and Archer 1984) . Due to the small specimen dimensions, orthogonal material directions along the cubic specimen edges were feasible. Furthermore, the simple and flexible measurement procedure enables testing in environments with different climatic conditions. Combining the static and dynamic measurement techniques mentioned, the main goals of this study are thus
• to evaluate the three-dimensional elastic behaviour of beech wood • to determine the influence of the moisture content on the elastic properties • to visualise moisture dependence and to verify the assumed symmetry of the compliance matrix.
Materials and methods

Specimens
The compression test samples were prepared from European beech (Fagus sylvatica L.) grown in Switzerland near Zurich from solely clear specimens (free of knots, tension wood and red heartwood). In order to minimise the friction dependence of the material parameters, the strains were measured in the middle of the specimens and as far as possible from the specimen-clamp interfaces (Diot et al. 2008; van Mier 1997) . Normally, cylindrical specimens are used but for the measurement of Poisson's ratios for an orthotropic material, the specimen shape shown in Fig. 1 is more appropriate. The cross-sectional area in the narrow specimen section was 14 mm 9 14 mm with parallel specimen surfaces with a length of 11 mm in the load direction. The matching of the specimen coordinate system and the principle orientation of the wooden material in the load area was ensured. The specimens were divided into four groups with 15-25 samples per load axes L, R and T. After specimen preparation in standard climatic conditions at 20°C and 65% relative humidity (RH), each group was climatised at a different relative humidity (35, 65, 85, 95%) and a temperature of 20°C.
Speckle pattern
A high-contrast random dot texture ('speckle pattern') was sprayed on two adjacent sides of the waisted specimen section (Fig. 1 ). These patterns were needed for the evaluation of strains at the specimen surface during compression testing by means of DIC software. The texture generation and the used strain measurement equipment are explained in detail in Keunecke et al. (2008) .
Compression test
After the specimens reached equilibrium moisture content, compression tests were performed using a Zwick Z10 universal testing machine with a 10 kN load cell. A flexible joint was used to avoid bending and to compensate for possible non-parallel planes due to small dimensional changes as a result of climatisation. The load rate was defined such that the maximum load would theoretically be reached in 90 
To maximise the evaluation range in the elastic region, the specified stress boundaries r i,1 and r i,2 varied from 0.5…1.5 MPa for the determination of E T over 1…3 MPa for E R up to 5…15 MPa for E L . In a subsequent post-processing step, the optically recorded deformations were used to calculate two strain components by means of a cross-correlation algorithm: applying the active strain component e j in the load direction and the passive (lateral) strain component e i . The negative ratio is given by
and is known as Poisson's ratio m and can be determined by a linear regression of the passive-active strain diagram. After the compression tests, a cuboid section was cut out of the undeformed region of the specimen, climatised at 20°C and 65% RH and subsequently ovendried to determine the moisture content and the density of the sample (Niemz 1993) . In all following tables, the densities are given for standard climate conditions.
Ultrasound testing
The sound velocity measurements were carried out with an EPOCH XT (Panametrics) ultrasonic flaw detector, which was used with transverse waves in transmission mode. The coupling between transducer (1 MHz) and sample was realised with a gel-like coupling medium (Ultragel II). Cubic specimens with orthotropic material directions parallel to the sample edges were prepared: 40 main specimens for velocity measurements and 40 twin specimens for the determination of the moisture content via the gravimetric method for every specific climate condition. This was necessary due to irreversible falsification of the wood mass by means of the couplant penetrating into the cell cavities during the velocity measurements. The 40 main cubes were classified into four groups with ten specimens each, with edges of 8, 10, 12 and 14 mm length. This procedure enables the direct analysis of the ultrasound velocity c by a simple linear regression. Afterwards, the respective shear moduli G were derived taking into consideration the moisture-dependent raw density q by applying
By measuring all six acoustic properties, an additional comparison between the corresponding values with interchanged indexes was possible.
Results and discussion
Young's moduli Table 1 provides an overview of the determined moisture-dependent Young's moduli of European beech. The varying number of analysed specimens is a combined result of the varying number of available samples in the three material directions and rejected outliers identified in a statistical test (DIN V 65352 1987) . However, the number of n C 14 per test series yields a rather low coefficient of variation (CoV) for the Young's moduli. In general, all anatomical directions show a significant decrease in stiffness with increasing moisture content.
A comparison with literature references (as summarised in Table 2 ) reveals that the identified values obtained in standard climatic conditions (20°C, 65% RH) are of the same order of magnitude, even with low values for the tangential moduli caused by the low densities of these specimens. Literature values are based on slightly lower moisture contents causing higher stiffness. Moreover, the different raw densities affect the material properties and have to be considered when making a direct comparison. The experimental method is a further influencing factor. The longitudinal values stated by Bucur and Archer (1984) are remarkably low; values determined with dynamic methods are usually higher than those determined with static tests (Bucur 1995; Keunecke et al. 2007 ).
Poisson's ratios
An example of typical measurement data and application of the linear regression to evaluate the Poisson's ratios are illustrated in a previous study (Keunecke et al. 2008 ). To ensure a high validity of the measurements, only data sets with a coefficient of correlation r 2 C 0.9 were summarised, which explains the varying number of specimens. Only a fraction of the tested samples provided usable results, especially when the longitudinal material direction corresponded to the passive lateral strain component. This is a well-known problem in material testing (Bodig and Jayne 1993) . This low number of analysed specimens is expressed by the high coefficient of variation for those samples, which is summarised in Table 3 for all material directions and four moisture contents. Although statistical significance is reduced, real values were obtained. In contrast to the common procedure of calculating these values under the assumption of material symmetries (Bodig and Jayne 1993; Garab et al. 2010) , the measurement approach enables a discussion of the mentioned symmetries. Even though approximately 20 specimens per orientation were tested, all directions show a high coefficient of variation, except those in the RT plane. Considering the high coefficient of correlation for every single specimen, a high natural variance of the Poisson's ratios in the LT and LR planes is implied. In Table 3 the Poisson's ratios are presented for samples with different moisture contents. Except for the values of m rt , an increase in moisture content results in a slight decrease in Poisson's ratios, with the major changes occurring in the longitudinal lateral contraction.
In general, all determined ratios are in the range of their respective literature values (Table 4 ) with the exception of the low Poisson's ratios with longitudinal load direction. Differences in the nature of load, such as tension and bending as in Wommelsdorf (1966) , or alternative test methods as in Grimsel (1999) or simply a very low number of specimens as in Stamer and Sieglerschmidt (1933) complicate a comparison.
Shear moduli
The approach to determine the shear moduli on the basis of a linear regression is exemplarily shown in Fig. 2 for measurement data in the RT plane. The presumed similarity in the corresponding measurement directions RT/TR, LT/TL and LR/RL can obviously be confirmed by the comparison of the resulting linear functions. The maximum deviations of the ultrasound velocities summarised over all moisture states differ from 4.1% in the LT/TL plane over 12.5% in the LR/RL plane and up to 12.7% in the RT/TR. These low deviations compared with the variances of the individual test series legitimate a simple averaging procedure on the appropriate data sets. Table 5 summarises the obtained moisture-dependent shear properties. Besides very low CoV for the density and the moisture content, significant moisture dependence is clearly visible. In the tested moisture range, a decrease in the shear moduli varying from &15…40% can be observed. Apparently, a ratio of approximately 3(LR):2(LT):1(RT) between the material planes is valid for the shear moduli. Literature references (Table 6 ) for the shear moduli of European beech are rare and moisture-dependent values almost unavailable. A comparison of the existent 
CoV ( references given for a moisture content of x & 12% with the authors' own measurements reveals a reasonable similarity. However, the exact specification of the wooden material used by Bucur and Archer (1984) and Hearmon and Barkas (1941) remains unclear, and the values of Stamer and Sieglerschmidt (1933) have poor statistical significance.
Three-dimensional elasticity
To characterise the elastic properties of a wooden material, the engineering parameters, Young's moduli, shear moduli and Poisson's ratios are usually represented as components of a 6 9 6 compliance matrix S, which can be given by: 
Using the data from Tables 1, 3 , 5 and Eq. 4, every orthotropic compliance component s ij can be derived. Table 7 gives an overview of the determined moisture-dependent compliance parameters. For a general classification into four moisture levels, the resulting differences in the moisture values caused by varying measurement procedures were averaged. The diagonal elements clearly show an increase in compliance with increasing moisture content. These elements show very similar relative moisture sensitivity, even though considerable differences in the parameters' absolute values exist. However, the non-diagonal elements (except for the connection between the R and T direction) indicate no analogous significant behaviour. Moreover, the difference between the corresponding non-diagonal elements attracts attention. Usually, they are assumed to be equal, even though Neuhaus (1983) or Bodig and Jayne (1993) mentioned partial variations of this material symmetry. When comparing the appropriate non-diagonal compliance parameters in Table 7 , deviations of approximately 35% for the coupling of the R and T directions can be noticed, which is comparable to literature references (Bodig and Jayne 1993; Keunecke et al. 2008) . Values related to the LR plane, however, are more than twice as high, and the components in the LT plane are partially almost decoupled. Besides low absolute values resulting in an expanded uncertainty measurement, only strains at the specimen surface were taken into account. Nevertheless, it has to be kept in mind that the symmetry of the compliance matrix is an approach to reduce the unknown coefficients for the material description, which works very well for many wood species but is still a simplification. For a better understanding of the complex material behaviour, the elastic properties can be described by means of 'deformation bodies', which illustrate the degree of deformation of a material depending on the load direction (Grimsel 1999; Keunecke et al. 2008) . To simplify matters, the following illustrations were generated assuming the discussed material symmetry by averaging the non-diagonal compliance elements. To demonstrate the moisture dependency of the compliance, a two-dimensional illustration in the principle planes is provided in Fig. 3a . An increase in compliance with increasing moisture content can be observed in all planes. The connection between the absolute compliance value and the moisture sensitivity is clearly visible. Furthermore, this illustration gives an impression of an off-axis deformation. Moreover, the moisture dependency is spatially illustrated in Fig. 3b by comparing the three-dimensional deformation bodies. In this manner, the influence of the moisture content on the overall (a) (b) Fig. 3 Load-directional dependence of beech wood compliance under compression for different moisture contents illustrated in the principle planes via polar diagrams (a) and in three-dimensional illustration mode (decreasing moisture content from light to dark) in (b) deformation capability of European beech under compression can be summarised effectively. Differences of almost 40% for the compliances in the RT plane can be distinguished in the three-dimensional representation.
Conclusion
With compression and ultrasound test methods, the elastic properties of beech wood were quantified at different moisture contents. The results confirm the general influence of the material moisture content and show an increase in compliance with increasing moisture content. However, the impact of moisture on the compliance differs between the components. Compared to the Young's and shear moduli, the Poisson's ratios show a rather low sensitivity to the material's moisture content. Nevertheless, using this visualisation method for the compliance parameters, a clear moisture dependency on compression ability can be displayed. Moreover, by determining all independent elastic components, not only differences in their moisture sensitivity but also the usually implied symmetry in the non-diagonal elements of the compliance matrix can be found to be an approximation. Even though, by averaging the latter compliance parameters, a usable set of material properties for macroscopic moisture-dependent elastic material modelling of beech wood can be provided.
